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A REVIEW OF PCR INHIBITION AND ITS MITIGATION 
 IN FORENSIC DNA ANALYSIS 
MORGAN KAYLEIGH HOSBROUGH 
 
ABSTRACT 
 Polymerase Chain Reaction (PCR) has a wide range of applications and 
usages in many disciplines of science. Some PCR failure can be attributed to the 
presence of inhibitors in the sample. Thirteen commonly encountered PCR 
inhibitors in forensic DNA analysis are investigated throughout this review. These 
inhibitors are humic substances, humin, humic acids, fulvic acids, hematin, 
hemoglobin, Immunoglobulin G, tannic acid, calcium, collagen, melanin, bile salts, 
and urea. PCR inhibitors either affect the amplification, known as amplification 
inhibitors, the fluorescent component, known as detection inhibitors, or a single 
inhibitor can produce effects through both mechanisms. In reviewing the current 
literature, three main methods to remove or mitigate PCR inhibition were 
identified; with the addition of an additive, using specialty coated magnetic beads, 
or using a spin column. This review discusses the advantages and disadvantages 
of each method and the success of each in regards to some of the inhibitors of 
interest. 
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1. INTRODUCTION  
Within today’s continually growing scientific world, many disciplines are 
encountering similar problems when trying to analyze samples using Polymerase 
Chain Reaction (PCR). Disciplines that utilize PCR include, but are not limited to, 
environmental scientists, food and agriculturists, genomic researchers, geneticists, 
medical professionals, and forensic scientists. The common problem is due to the 
presence of PCR inhibitors within samples. Inhibitors can cause a loss of 
fluorescent signal, peak imbalance, allele dropout (1), or even false negative 
results. A sample that appears to be degraded, and thus uninterpretable, could in 
actuality, just contain inhibitors, that once removed will produce an 
electropherogram or other data that is interpretable (2).  The purpose of this review 
is to investigate how various compounds inhibit PCR analysis and discuss the 
methods that have been employed to prevent the inhibitors from binding to the 
template deoxyribose nucleic acid (DNA), the Taq DNA polymerase, or any other 
component of the PCR reaction.  Numerous techniques used to remove or mitigate 





2. PCR AND ITS INHIBITORS 
2.1. What is PCR? 
 PCR created by Kary Mullis and the members of The Human Genetics 
Group at the Cetus Corporation in 1985 (3), is an in vitro chemical reaction that 
allows a specific sequence of DNA to be copied exponentially within a 
thermocycler (4). The process of PCR has been used for organismal identification, 
including but not limited to human identification, animal identification, bacterial 
identification, and viral identification for disease diagnosis. In the field of forensic 
science PCR is used to determine the quantity of DNA present within a sample, to 
amplify the amount of DNA in order to obtain an optimal amount for Capillary 
Electrophoresis, and in some cases, to help sequence the DNA. 
 After a biological sample has been received and the DNA has been 
extracted, a portion of the DNA is placed into a separate tube and mixed with 
various components, known as the master mix. This master mix contains 
deoxyribosenucleotide triphosphates (dNTPs), which are the nucleic acid building 
blocks used to create a copy of the target region, single stranded DNA primers that 
provide a starting point for replication, DNA polymerase  which extends the 
primer, thus copying the single stranded DNA, MgCl2 to sustain enzymatic 
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activity, KCl, Bovine Serum Albumin (BSA) to bind to possible PCR inhibitors, and 
Tris-HCl Buffer, allowing the pH of the reaction to stay around 8.3 (3).  
 The most common DNA polymerase used in forensic DNA analysis is Taq 
polymerase. Taq polymerase, originating from the bacteria Thermus aquaticus, is a 
thermally stable polymerase, meaning that it is optimal for high temperature 
reactions. The polymerase active site contains two Mg2+ ions. One of these ions 
interacts with the oxygen atom at the 3’ end of the primer. Most DNA polymerases 
are processive enzymes meaning that they undergo several catalytic cycles before 
dissociating from their substrates. This means that per PCR cycle many Taq 
polymerase molecules are needed, depending on the length of the segment of 
interest (5). The longer the segment, the more molecules needed. Coupled to the 
Taq polymerase is a modifier, typically an antibody, an affibody, a chemical 
modification, or an aptamer (6). Affibodies defined by Löfblom et al. are proteins 
that have a “high affinity and specificity to any given protein target”. Within the 
medical field, affibodies have a wide range of applications from therapeutic uses, 
diagnostic uses, and biotechnical uses (7). Aptamers, small single stranded 
oligonucleotides, bind to a wide range of molecules with a high degree of 
specificity and affinity (8). The addition of a modifier allows for the Taq 
polymerase to be inactive at room temperature. Taq polymerase with this type of 
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modifier is known as Hot Start PCR. Hot Start PCR requires an initial heating step, 
about 94˚C, to remove the modifier and return functionality to the Taq polymerase. 
Hot start PCR has also been found to increase specificity, decreasing non-
specifically primer binding and primer-dimer formations, and increasing the 
overall yield (6).    
 Historically PCR consisted of three separate temperature dependent steps. 
These steps include a denaturation step, an annealing step, and an extension step. 
The first step, denaturation, requires the highest temperature occurring at 
approximately 94˚C. During this step the hydrogen bonds break between the 
double stranded DNA, yielding single stranded DNA. The second step, annealing, 
occurs at about 60˚C. Primers and Taq DNA polymerase binds to both strands of 
the DNA template at the target region to be amplified. The third step, extension, 
occurs at approximately 72˚C, allowing for Taq DNA polymerase to extend the 
primers, copying the target region using the dNTPs added from the master mix. It 
is important to note that these temperatures can fluctuate due to the specific 
primers used in order to prevent primer reannealing. When the thermocycler has 
undergone the transition between all three steps, this is known as one cycle. PCR 
typically undergoes anywhere from 28 cycles to 32 cycles (3). Each cycle doubles 
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the amount of double stranded DNA target molecules from the previous cycle, 
having a theoretical yield of 2N, with N being the number of cycles (5).  
 Currently, a few PCR kit manufacturers are modifying the number of 
temperature steps. GlobalFilerTM PCR Amplification Kit (ThermoFisher, Waltham, 
Massachusetts, US) is one such modified kit. The manufacturer has combined the 
Annealing and Extension set. According to the protocol provided by 
ThermoFisher, a PCR cycle is defined as Denaturation at 94˚C for 10 seconds 
followed by the combined Annealing/Extension at 59˚C for 90 seconds. For a 
completed PCR reaction, GlobalFilerTM PCR Amplification should occur for 29 or 
30 cycles (9).  
 Prior to the development of Quantitative PCR (qPCR), researchers would 
have to perform gel electrophoresis in order to visualize the PCR products created. 
Visualization occurs when the gel was stained with a dye, typically with Ethidium 
Bromide, which will fluoresce when exposed to ultraviolet light. This method 
would display qualitative and semi-quantitative information. Using gel 
electrophoresis post-PCR meant that the analysis was done after the plateau phase 
of PCR and scientists were unable to directly correlate the fluorescence observed 
to the initial template DNA amount added or even a target copy number. In 1991, 
Holland et al, found a solution to this limited information, using a 5’ nuclease 
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activity, which not only amplified the target sequence but was able to detect the 
specific DNA sequences as well. This method utilized a hydrolysis probe and a 
fluorescent DNA-binding dye, and became known as qPCR. By incorporating the 
detection and the amplification into a single tube using the same instrument, the 
results were obtained faster and with less contamination. qPCR was also found to 
be more sensitive, detecting smaller quantities of DNA than gel electrophoresis.  
The amount of RNA present can also be indirectly measured (10).    
  qPCR can detect the amount of DNA within the samples using two 
different types of detection assays, sequence independent detection and sequence 
specific probe binding. Sequence independent detection assays use fluorophores 
that bind to all double stranded DNA. The fluorophores used already exhibit some 
level of fluorescence, however when it binds to double stranded DNA, a 
conformation change occurs and the fluorescence is enhanced. The difference in 
levels of fluorescence is measured and can be directly correlated to the amount of 
PCR product produced. Roche Applied Science published a PCR manual stating 
that using sequence independent detection assays can overestimate the initial 
concentration of DNA present.  In order to account for and prevent the 
overestimation, Roche instructs researchers to perform a melt curve analysis post 
PCR amplification. During this analysis, researchers are able to look at the melt 
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temperatures for all products. Artifacts such as primer-dimers have different 
melting temperatures than DNA products, and the concentration of these artifacts 
can be removed from the reported DNA concentration, isolating the true value of 
initial DNA concentration (10).  
 Sequence specific probe binding assays utilize oligonucleotide probes that 
specifically created to bind complementarily to a specific sequence of the single 
stranded target DNA (10). One example of a sequence specific probe is a TaqMan 
probe. This probe is constructed with a Minor Groove Binder, a Non-fluorescent 
Quencher, and a Reporter dye. The TaqMan probe binds to the PCR amplified 
product between the primer binding sites. As the Taq DNA polymerase adds 
nucleotides to the single stranded DNA template strand, eventually the 
polymerase will interact with the TaqMan probe. As this interaction occurs, the 
reporter dye molecule is released and moves away from the quencher molecule, 
producing a fluorescent light detected by a camera (3). The amount of fluorescence 
detected is directly related to the amount of Reporter dyes cleaved from the 
TaqMan probe by the Taq DNA polymerase.  
 Quantitation of DNA, utilizing qPCR, is a based on the number of cycles 
required to reach a predetermined threshold, known as the cycle threshold, of a 
specific level of normalized fluorescent intensity. This threshold is set to the lowest 
8 
possible point of the exponential region of an amplification curve while being 
above the florescent intensity for baseline noise detection for the thermocycler. In 
addition to the samples of interest being run, with unknown quantities of DNA, 
samples containing known quantities of DNA are run concurrently. The samples 
with known quantities of DNA are used to create a standard curve. The standard 
curve is created by plotting the log of the concentration of DNA on the x-axis 
against the cycle number on the y-axis. Once the standard curve is established, the 
number of cycles for the unknown samples to produce fluorescence above the 
cycle threshold is compared to the standard curve, enabling the log of the 
concentration to be determined, therefore the initial concentration can be 
calculated (3). As a general rule of thumb, samples containing more DNA require 
fewer PCR cycles to reach the cycle threshold, and samples with less DNA require 
more PCR cycles (10).  
 Another important component of a modern day PCR amplification kit is an 
Internal Control. Internal Controls, also known as Internal Positive Control (IPC) 
or Internal Amplification Control (IAC) depending on how they are utilized, allow 
for a researcher to ensure that the PCR assay, DNA polymerase , and the detection 
instrument are all functioning properly (3). This component is amplified at the 
same time as the template DNA samples, ensuring the PCR conditions are the 
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same (11). Using an Internal Control qualitatively allows for researchers to also 
determine if an inhibitor may be present within the samples.  
 Internal Controls can be Endogenous or Exogenous. Endogenous Internal 
Controls occur naturally within the test specimen and Exogenous Internal 
Controls are added to the sample prior to the sample PCR amplification.  
Exogenous Internal Controls can be divided based on the composition. 
Homologous Exogenous Internal Controls are artificial templates with primers 
that are identical to the sample’s primers, but with different probes. Heterologous 
Exogenous Internal Controls can be an artificial template or a naturally occurring 
template. This type of internal control also has a completely different set of primers 
and probes than the primers and probes for the sample. According to Qiagen, an 
Internal Control should have no influence of the amplification of the target 
sequences within the sample, have no risk of false negative results, and be able to 
produce clear and consistent results (12). Kavlick describes the “ideal IPC 
template” as one that is universal, having a sequence of nucleotides that not is 
naturally occurring so IPC primers only bind to the IPC and not the target 
sequence, be easily prepared or commercially available, and short in length to 
amplify efficiently (13). 
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 When the template DNA amplification results are compared to the 
amplification results of the Internal Control, false negatives can be determined. 
Regardless of successful amplification of the target DNA, if all components of the 
PCR assay are functioning properly then a signal will be detected for the Internal 
Control. If neither the target DNA nor the Internal Control produce a signal then 
the PCR reaction is said to have “failed” either due to an inhibitor or malfunction 
of the instrumentation. Without the Internal Control, it would be difficult to 
distinguish between samples that contained no template DNA and samples 
containing an inhibitor (11). It is important to note that research has shown that, 
even in the same conditions as the template DNA, an IPC can react to an inhibitor 
differently than the template DNA or other components within the sample, and 
not be a true predictor of inhibition (2) or inhibition concentration (13).    
 
2.2. PCR Inhibitors 
2.2.1. Different Sources of PCR Inhibitors 
 PCR is used in a wide array of scientific applications, and therefor there are 
many different compounds can possibly interfere with the PCR reaction or inhibit 
the reaction altogether. These compounds can be grouped into four different 
categories. PCR inhibitors can come from clinical samples, food and 
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environmental samples, compounds introduced during sample preparation and 
analysis (14), and substrates collected for investigation (2). Schrader et al provides 
an extensive list of “PCR inhibitors and their mechanisms of action”. For the 
purposes of this review, compounds encountered during forensic analysis will be 
focused on. Clinical samples include any tissues, organs, and biological fluids. 
Compounds found within food and environmental samples not typically 
encountered during forensic analysis include, but are not limited to, fats, glycogen, 
polysaccharides, minerals, milk, seafood, polyphenols, pectin, and xylan. 
Laboratory personnel should also be aware of possible PCR inhibitors from 
contaminants found in the laboratory environment during sample preparation 
and analysis. This can include the powder on the outside of gloves, salts, organic 
molecules, ionic detergents, and excessive Ethylenediaminetetraacetic acid 
(EDTA) (14) and residual ethanol from extraction methods.  Researchers should 
also take into consideration where an item of interest was recovered from. The 
substrate itself, or components added during the manufacturing process of the 





2.2.2. Inhibition Mechanisms 
 One of the biggest problems in addressing the issue of PCR inhibitors is 
determining the way each inhibitor interacts with the PCR chemistry. Once the 
mechanism is known, then various methods can be used to counteract or filter out 
the inhibitors, improving the efficiency and sensitivity of the PCR reaction. Opel 
et al. concluded that there are a few main potential mechanisms in which inhibitors 
can be detrimental. These mechanisms include interacting with the polymerase or 
interacting with the template DNA. Inhibitor interaction effects are not all the 
same and may be different per loci (1). Chung noted that inhibitors such as 
hematin, indigo, melanin and humic acids in samples of blood, saliva, and tissues, 
affected different loci differently, depending on the strength of primer binding to 
the template DNA or the strength of the interaction between the DNA polymerase, 
primer, and template DNA. Loci with lower melting temperatures will be 
inhibited before loci with higher melting temperatures due to the strength and 
ability of the DNA polymerase-primer-template DNA complex to form faster. 
Inhibition from collagen and calcium produced different patterns of loci 




2.2.2.1. Amplification Inhibitors 
 Compounds that effect the template DNA, the dNTPs, the primers, the 
magnesium ions, the DNA polymerase (2), and/or the buffer composition (16) are 
known as amplification inhibitors. DNA polymerases, especially Taq DNA 
polymerase, are one of the most sensitive components of the PCR reaction (16). 
Inhibitors may block the active site on the DNA polymerase, which is a reversible 
process for some inhibitors, or degrade the DNA polymerase all together (Figure 
1). Excess magnesium ions, more than 15mM, or other divalent ions inhibit DNA 
polymerases more effectively than monovalent ions, which exhibit some 
inhibitory abilities. Research has shown however if there is an abundance of 
calcium ions, that the addition of excess magnesium ions can reverse the inhibition 
from the calcium (2). Opel et al., using DNA obtained from various buccal swabs, 
concluded that when an inhibitor deactivates the DNA polymerase, the melting 
temperature, the template size, and the synthesized sequence will all be affected. 
This will cause all PCR amplicons to be inhibited at the same rate. If an inhibitor 
binds directly to the template DNA or is influenced by the primers added, then a 
reduction in available template DNA will occur. This will cause sequences with 
different melting temperatures to be inhibited at different rates. However if the 
inhibitor binds to the template DNA or the DNA polymerase during the extension 
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step of the PCR reaction, longer amplicons will be inhibited  at lower rates than 
shorter amplicons (1). 
 
 
Figure 1. Three examples of Amplification Inhibition. A) An inhibitor that binds to primers, 
inhibiting DNA polymerase binding to the template. B) An inhibitor that binds to DNA 
polymerase, inhibiting DNA polymerase from binding to template DNA. C) An inhibitor binding 
to template DNA, preventing primer binding.  
 
2.2.2.2. Detection Inhibitors 
 Compounds that lower or completely quench fluorescent signals from dyes 
or probes, or prevent a dye from binding to the template DNA, are known as 
detection inhibitors (Figure 2). These inhibitors may also alter background 
fluorescence (16), making downstream interpretation and analysis difficult. In 
addition, if an inhibitor impacts the 5′-3′ exonuclease activity, inhibition can occur 
since the DNA polymerase would not be able to break down the fluorescent probe 
(17). It is important to note that if inhibition is observed due to a disruption in the 
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exonuclease activity, this type of inhibition can be classified as both a detection 
inhibition and amplification inhibition.  
 
Figure 2. Two examples of Detection Inhibition. A) An inhibitor binds to the template DNA, 
preventing the fluorescent dye from binding. B) An inhibitor binds to the florescent dye, 
preventing the fluorescent dye from being excited and producing fluorescence.   
 
2.2.3. Inhibitors Encountered During Forensic Analysis 
2.2.3.1. Inhibitors found in Humic Substances 
 Humic substances, typically found in soil samples (1), are amorphic, stable 
compounds produced during the decay process of plant and animal materials. 
This reaction is known as the Maillard reaction. During this reaction, amines and 
carbonyl compounds undergo a nonenzymatic “browning”. The products are 
dehydrated and form a yellow/brown fluorescent compound that carry an overall 
negative charge and can cross-link to proteins (2). Humic substances can be broken 
down into three separate components, humin, humic acids, and fulvic acids, each 
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effecting PCR differently. Sidstedt et al. looked into the three components of humic 
substances separately to analyze the effect of each one on qPCR analysis of male 
human blood (16).  
 Humin is an insoluble compound, therefore will not affect the PCR reaction. 
Humic acids (Figure 3) are dibasic weak acids, which is soluble in solutions when 
the pH is alkaline to neutral. The mechanism of PCR inhibition by humic acids is 
still unknown absolutely, however studies have found that it will directly bind to 
the template DNA, disrupting the DNA polymerase, causing amplification failure 
depending on the concentration. If the sample contains 1,000ng or more of humic 
acids, qPCR amplification was almost completely inhibited as confirmed by gel 
electrophoresis. If more than 50ng of humic acids is present within the sample, the 
fluorescent dye was quenched and more than 500ng resulted in a nearly flat 
amplification curve. However, comparison analysis by gel electrophoresis 
demonstrated that the amount of amplicons created was the same for all samples 
containing 0ng to 500ng of humic acids. Therefore it can be concluded that samples 
containing any amount of humic acids will experience inhibitory effects. Detection 
inhibition, regardless of concentration, will occur and complete amplification 
inhibition will occur with more than 1000ng of humic acids (16).   
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Figure 3. Chemical Structure of humic acids as depicted by de Melo et al (18). 
 
 Fulvic acids (Figure 4) is also a dibasic weak acids that is soluble in water 
at all pH levels. With 750ng-1500ng of fulvic acids, amplification was impaired, 
and with greater than 1500ng fulvic acids, there was complete amplification 
inhibition, confirmed with no visible amplicons on the agarose gel after running 
gel electrophoresis. No fluorescence quenching was noted with fulvic acids 
contaminated samples regardless of concentration. Therefore, fulvic acids does not 










 Research shows that humic substances are not effectively removed by 
purification using phenol or spin columns (16). Alaeddini hypothesized that this 
was due to humic acids having physiochemical properties, similar to the 
phosphate groups on the backbone of DNA, thus giving them the ability to 
compete with DNA for adsorption sites during the purification process (2). Both 
DNA and humic acids contain many carboxyl and hydroxyl functional groups and 
both are long molecules that have an overall negative charge (19). Another 
possibility is that humic compounds have a free phenolic group which oxidizes to 
form quinones, which covalently bind to DNA polymerases, inactivating them. 
Humic acids may also chelate with magnesium ions required for Taq polymerase. 
Another possibility is that humic substances inhibit the PCR reaction through 
sequence specific binding to DNA, limiting the amount of available template (1) 
or inactivating a portion of the template DNA (2).  
 
2.2.3.2. Inhibitors from the Textile Industry  
 Samples extracted from clothing items potentially contain inhibitors 
depending on the type of substrate and the dyes used during manufacturing. 
Tannic acid, found in leather materials, inhibits the Taq DNA polymerase and 
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affects the availability of the template DNA. No change in the melt curve is 
observed for samples containing Tannic acid; however, there was a shift in the 
cycle threshold value for samples having larger amplicons. Inhibition of Taq 
polymerase or the template DNA will result in a shift in the cycle threshold value 
indicating amplification inhibition. Adding additional Taq DNA polymerase or 
additional magnesium ions did not relieve this inhibition (1). Alaeddini reported 
that Tannic acid, containing a free phenolic group can oxidize, forming quinones, 
which then can covalently bind to DNA polymerase, thus inactivating it. Tannic 
acid can also directly bind to the template DNA, preventing amplification (2). 
Tannic acid is an amplification inhibitor. 
 
2.2.3.3. Inhibitors found in Blood 
 When Hematin, the derived hydroxide form of heme, is present in PCR 
reactions, the amount of amplicons produced is reduced. In addition, for all large 
PCR amplicon sizes from samples of male human blood, a shift in the cycle 
threshold number and small changes in the melt curves were observed in the 
presence of hematin, indicating that hematin is an amplification inhibitor (20). 
Opel et al. observed that within DNA samples obtained from buccal swabs, larger 
amplicons were affected by the inhibitor at earlier cycle numbers, than smaller 
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amplicons. There was no reduction of inhibition when additional Taq polymerase 
was added, but when additional magnesium ions were added, there was an 
increase in the inhibitory effects of hematin (1). Research shows that the presence 
of 80 mM or more of hematin within the sample causes complete amplification 
inhibition. Swango et al noted that with an increasing concentration of hematin, 
there can be one or more effects to the qPCR signal including a complete loss of an 
amplification curve, a delayed cycle threshold or a reduction in the fluorescent 
signal for each sample analyzed. By comparing the results using amplicons of 
different lengths, it was shown an increasing concentration of hematin causes 
detection inhibition. A concentration of 40µM – 45µM of hematin resulted in 
partial inhibition, and a concentration of 50µM of hematin resulted in complete 
inhibition for samples containing long amplicons. A concentration of 40µM or 
higher of hematin resulted in complete inhibition for samples containing short 
amplicons. Results were obtained using the IdentifilerTM STR kit (ThermoFisher, 
Waltham, Massachusetts, US) (21). It can be concluded that hematin not only is an 
amplification inhibitor by lowering the activity of the DNA polymerase, but it is 
also a detection inhibitor, binding to or quenching fluorescent dyes (20).  
 Hemoglobin has been found to disrupt DNA polymerase activity. 
Complete fluorescent inhibition was detected using qPCR analysis with the 
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addition of 1.6 μM of hemoglobin, even though PCR products could be detected 
up to 620 μM of hemoglobin using gel electrophoreses. It can be concluded that 
hemoglobin decreases amplification efficiency by lowering the activity of DNA 
polymerase and quenches fluorescent dyes by binding to or interacting with them. 
These effects can be seen with both double stranded DNA and single stranded 
DNA (20).  Each hemoglobin molecule is comprised of four heme groups (22). 
Heme can also block the active site of DNA polymerase, however this inhibition 
can be reversed (2).  
 Immunoglobulin G, an antibody found within blood, is hypothesized to 
inhibit single stranded DNA amplification by binding to the strand, preventing 
DNA polymerase from binding or preventing primer annealing. Increased 
quantitation cycle values and gradual and eventual amplification inhibition have 
been noted. Immunoglobulin G has a low affinity for binding to small amplicons. 
In a study performed by Sidstedt et al., amplification success was determined for 
both single stranded DNA samples and double stranded DNA samples obtained 
from human male blood, with and without Immunoglobulin G present. When 27 
μM of Immunoglobulin G was present in single stranded DNA samples, 26 of the 
samples amplified, compared to 456 samples amplifying without the inhibitor 
present.  When 27 μM of Immunoglobulin G was present in double stranded DNA 
22 
samples, 269 of the samples amplified, compared to 333 samples amplifying 
without the inhibitor present. This indicates that Immunoglobulin G inhibits the 
PCR reaction when single stranded DNA is present at a much higher rate than 
when double stranded DNA is present within the sample (20). 
 
2.2.3.4. Miscellaneous Biological Inhibitors  
 Although not very commonly encountered, compounds found within the 
human body such as calcium, collagen, melanin (1), bile salts (23) and urea (24), 
can also inhibit PCR reactions. Calcium is an inorganic component of bone. It has 
the potential to reduce the efficiency of the amplification by limiting the reagents 
available. Calcium binds to Taq DNA polymerase, competing with magnesium 
ions, thus reducing the final amount of amplicons produced. To overcome this 
inhibition, addition of excess Taq DNA polymerase and magnesium ions, up to 
three times the normal concentration, showed a minor increase in the efficiency of 
PCR amplification. Collagen, found in tissue and bone, can also reduce the 
efficiency of the amplification and produce a change in the melt curve, regardless 
of primer set chosen. Depending on the concentration of inhibitor present, the 
cycle threshold values fluctuated when Opel et al. added collagen to samples 
obtained from buccal swabs. Smaller quantities of collagen caused the cycle 
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threshold to decrease, however with larger quantities of collagen the cycle 
threshold increased, indicating inhibition had occurred. Larger amplicons also 
exhibited a loss of fluorescent signal due to quenching. Additional Taq DNA 
polymerase and magnesium ions did not reduce the inhibition by collagen. It can 
be concluded that collagen is both an amplification inhibitor, binding to the 
template DNA and affecting the Taq DNA polymerase, and a detection inhibitor 
(1).  
 Melanin, a pigment found in hair and skin, is considered an amplification 
inhibitor. This is due to melanin binding to specific sequences of the template 
DNA, limiting the amount available for the PCR reaction. The inhibition affects 
larger amplicons more, due to an increased number of binding sites. The cycle 
threshold increases due to the inhibitor concentration (1). Melanin also forms a 
complex with DNA polymerase and polysaccharides that structurally mimics a 
nucleic acid, thus inhibiting the enzymatic activity. This process however is 
reversible (14). Bile salts, found in feces, are known PCR inhibitors. Samples 
containing bile salts have been shown to lower the melting temperature, delay the 
cycle threshold values, and slightly lower the efficiency of the PCR amplification. 
Bile salts can be classified as amplification inhibitors, binding to the template 
DNA, preventing DNA polymerase enzymatic activity (23). 
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 Urea, a nitrogenous breakdown of protein metabolism found within urine, 
is another PCR inhibitor. The rate of inhibition can be directly correlated to the age 
of the individual from where the sample came from. This is typically because the 
older an individual, the more urea is present within a urine sample. The PCR 
amplification is partially inhibited at a urea concentration of 50mM and 
completely inhibited at a urea concentration equal to or greater than 100mM. 
Other components of urine, such as creatine or electrolytes, exhibited no PCR 
inhibition (24).    
 
3. REDUCTION/MITIGATION METHODS OF PCR INHIBITORS 
3.1. Additives 
 As detrimental as PCR inhibition is to downstream analysis, research has 
been dedicated to finding substances that not only will mitigate or remove the 
inhibitory substance, but will also be beneficial to the reaction, and not interfere 
with the reaction itself. Rees et al. stated that “a variety of additives and enhancing 
agents can be included in PCR amplifications to increase yield, specificity and 
consistency” (25). Others have focused about the sensitivity of Taq DNA 
polymerase, the enzyme commonly used with Forensic DNA Analysis, and have 
found that many substances encountered in evidentiary samples directly affect the 
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polymerase (26). Below is a review of four additives that not only show positive 
correlations to inhibition relief, whether that is amplification inhibition, detection 
inhibition or both, but also have shown to not be detrimental to the PCR reaction 
at noted concentrations.  
 
3.1.1. BSA 
 Bovine Serum Albumin (BSA), a protein found in the blood of cows, is a 
single polypeptide chain with approximately 583 amino acid residues, 17 
intrachain disulfide bridges and 1 sulfhydryl group (27). BSA has shown great 
promise in mitigating inhibition from various sources during PCR. Amplification 
of old samples, can be very difficult, however the addition of 0.01µg/µL to 0.1µg/ 
µL of BSA has resulted in increased PCR yield (28). Some PCR inhibitors may 
require a higher concentration of BSA in order to decrease the overall 
concentration of the inhibitor or relive the inhibition all together, compared to 
other PCR inhibitors. For example humic acids inhibition relief was obtained for 
samples of stock DNA when the concentration of BSA was between 200 ng/µL and 
400 ng/µL. BSA is able to mitigate inhibition from various substances and prevent 
inhibitor binding, and resulting inactivation, of Taq DNA polymerase  (22). 
However, not all inhibition is corrected by BSA. Schrader et al. demonstrated BSA 
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ineffectiveness against inhibitors such as bilirubin, EDTA, sodium chloride, 
sodium dodecyl sulfate (SDS), Triton X-100, calcium and collagen on samples from 
various sources (14). One advantage to the addition of BSA to the PCR reaction is 
the reduction in the loss of Taq DNA polymerase , due to nonselective adsorption 
to tube walls (28). Abu Al-Soud researched the effects of samples of blood, feces, 
and meat on PCR yields, after 0.4% (wt/vol) BSA has been added. Sixty percent of 
samples containing 0.02% to 2% [vol/vol] of blood resulted in PCR amplicons 
when BSA was added. Seventy one percent of samples containing 0.2% to 4% 
[vol/vol] of feces resulted in PCR amplicons when BSA was added. Sixty five 
percent of samples containing 0.2% to 4% [vol/vol] of meat resulted in PCR 
amplicons when BSA was added (29). Comey et al. noted that the pH of the BSA 
used, has varying results in counteracting inhibition. When analyzing DNA from 
samples of blood, the addition of no BSA resulted in only 25% successful 
amplification, BSA at a pH of 5.2 resulted in 77% successful amplification and BSA 
at a pH of 7.0 resulted in 86% successful amplification. When analyzing DNA from 
samples of semen, the addition of no BSA resulted in only 35% successful 
amplification, BSA at a pH of 5.2 resulted in 71% successful amplification and BSA 
at a pH of 7.0 resulted in 73% successful amplification. These researchers 
concluded that the optimal pH for BSA removal of inhibition is a pH of 7.0. Testing 
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was conducted on a variety of substrates including wallboard, denim, cotton, 
carpet, nylon, and wood (30). BSA has also shown promise in mitigating inhibition 
from melanin (5) and tannic acid (1). It should be noted that the results could be 
skewed due to inhibitory substances also being present within the substrate and 
not accounted for. PCR product yield increased noticeable when combing BSA and 
Betaine (29). It can be concluded the BSA addition aids in relieving amplification 
inhibition, but no fluorescent inhibition relief has been reported.   
 
3.1.2. Betaine  
 Betaine, a modified amino acid of glycine with three methyl groups 
attached (31), is also known as N,N,N-trimethylglycine or carboxymethyl 
trimethylammonium (28).  This additive contains both a positive and negative 
charge at a neutral pH (29). Betaine has been shown to increase the yield and 
specificity of PCR products (32), and reduce the melting temperature for proteins 
present. Regions of DNA melt at different temperatures based on the composition 
of bases. DNA regions that contain a lot of adenine (A) and thymine (T) melt at 
lower temperatures and regions that are guanine (G) and cytosine (C) rich melt at 
higher temperatures. Betaine is added because of this melting difference. A 
reduced melting temperature, makes amplification easier for GC rich regions of 
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the template DNA, reducing the stability of the double stranded DNA (25,28,34). 
This is true for both the A and Z configurations of DNA. However the B 
configuration is retained in high concentrations of Betaine (25). Concentrations of 
Betaine utilized should be between 0.1M to 3.5M (28), with specificity to amplify 
only the target region, starting to increase at concentrations equal to or greater 
than 1M (34). Abu Al-Soud researched the effects of samples of blood, feces, and 
meat on PCR yields, after 11.7% (wt/vol) Betaine has been added. Seventy percent 
of samples containing 0.02% to 2% [vol/vol] of blood resulted in PCR amplification 
when Betaine was added. Fifty percent of samples containing 0.2% to 0.4 % 
[vol/vol] of feces resulted in PCR amplification when Betaine was added. Thirty 
five percent of samples containing 0.2% to 0.4 % [vol/vol] of meat resulted in PCR 
amplification when Betaine was added. In addition to mitigating PCR 
amplification inhibition, Betaine has demonstrated the ability to mitigate PCR 
detection inhibition. A positive linear correlation was observed between the 
decreasing the concentration of inhibitors and an increase in the fluorescence 
produced. This trend was observed in various concentrations of blood, feces, and 
meat with the PCR reaction containing the meat sample having an overall larger 
enhancement of fluorescence after the addition of Betaine (29).  
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Figure 5. Chemical Structure of Betaine. 
3.1.3. gp32 
Bacteriophage T4 gene 32 protein (gp32) is a protein that binds to single 
stranded DNA and has shown positive association in facilitating PCR in the 
presence of inhibitors. It is theorized that gp32 binds to denatured DNA, 
preventing reannealing, and stimulating the DNA polymerase  enzymatic activity 
(22). This protein also has the ability to protect single stranded DNA from nuclease 
digestion. Samples, such as blood, feces, and meat, that produced little to no 
fluorescence signal, exhibited a partial increase in the fluorescence signal after the 
addition of gp32 (29). gp32 has also shown promise in mitigating inhibition from 
tannic acid (1). In addition to relieving inhibition during the PCR reaction, gp32 
has also been shown to increase the PCR product yield, especially in regards to 
long amplicons. Through research done by Kreader, the ideal amount of gp32 
added to an inhibited sample of stock DNA, is a concentration of 100 ng/µL to 150 
ng/µL. However concentrations as low as 20 ng/µL to 50 ng/µL exhibited some 
inhibition relief (22). Abu Al-Soud researched the effects of samples of blood, feces, 
and meat on PCR yields, after 0.01% (wt/vol) gp32 has been added. Sixty percent 
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of samples containing 0.02% to 2% [vol/vol] of blood resulted in PCR amplicons 
when gp32 was added. Fifty percent of samples containing 0.02% to 2% [vol/vol] 
of feces resulted in PCR amplicons when gp32 was added. Fifty percent of samples 
containing 0.2% to 4% [vol/vol] of meat resulted in PCR amplicons when gp32 was 
added (29).  
 Combining gp32 with BSA showed no improvement in the extent of 
recovery from inhibition, in comparison to utilizing just one of the additives alone. 
Compared to BSA, the amount of humic acids which gp32 could compensate for 
and mitigate, could be increased over 100 times (22). PCR product yield increased 
noticeable when combing gp32 and Betaine (29).  It can be concluded that gp32 has 
the ability to relieve amplification inhibition and detection inhibition.  
 
3.1.4. NaOH 
 Bourke et al. developed a procedure utilizing Sodium Hydroxide (NaOH) 
as a way to neutralize inhibitors found in blood samples that had previously failed 
to amplify, even after additional Taq Polymerase or BSA had been added, or 
Microcon® Filter Spin Columns had been used. NaOH has shown the ability to 
denature DNA creating an alkali environment, reducing the affinity of inhibitors 
for the template DNA. In this protocol 30ng to 50ng of the samples that had failed 
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to amplify was added to a Microcon® Filter Spin Column with 200µL of 0.4M 
NaOH within a microcentrifuge tube. After centrifugation, the flow through was 
discarded, and the sample was washed again with 0.4M NaOH. This step was 
repeated for a third time, followed by two wash steps with 10mM Tris Buffer. The 
flow through now contained the sample DNA and neutralized inhibitors. 
Amplification was successful with 5 ng to 10 ng of DNA, post purification with 
NaOH. The researchers concluded that NaOH neutralized the inhibitors affecting 
Taq DNA polymerase and inhibitors that bind to double stranded DNA. 
Approximately 53% of samples that had previously failed to amplify, had 
successful amplification after purification with NaOH. Using NaOH as an additive 
to reduce the amount of inhibitors present within the samples is advantageous, 
due to its ease of use, cost effectiveness, and its reputation of use during capillary 
transfers without consequences. Bourke et al. however, cautioned the use of NaOH 
as an additive with limited levels of DNA as the DNA can be washed away and 
lost (26).  
 
3.2. Removal of Contaminants Using Magnetic Beads 
Another way to reduce or mitigate PCR inhibition is with the addition of 
Magnetic Beads to the sample prior to amplification. Magnetic Beads have the 
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ability to isolate the compound of interest, in our case DNA, while leaving salts, 
primers, dNTPs, and other PCR reaction components in solution to be removed 
(35,36). DNA binds to the beads in various ways, depending on the coating 
selected for the target molecule. A magnet is then placed on the side of the 
microcentrifuge tube, attracting the beads through a gentle magnetic separation. 
The unbound molecules are then removed in the supernatant and discarded (36). 
The magnetic source is removed and a wash buffer is added, resuspending the 
beads. The magnetic source is added and the supernatant is removed again. This 
process is repeated per the instructions of the purification kit used. The magnetic 
beads are then resuspended and washed in a small volume of water or a low salt 
elution buffer  (35), and after the magnetic source is removed, the DNA is eluted 
off of the beads and into the solution. The magnetic source is reintroduced and the 
magnetic beads are attracted to the side of the microcentrifuge tube. This 
supernatant is carefully removed and placed into a new microcentrifuge tube. This 
new tube now contains the purified and concentrated DNA sample (Figure 6 Left) 
(36). The magnetic beads used during this process are unique because they are not 
magnetically attracted to one another without the magnetic source. This feature is 
known as paramagnetism. Paramagnetism ensures that no clumping occurs 
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without a magnetic source being present, allowing the beads to be separated in 
solution along with anything that binds to the beads (37).   
This technique has been successful with not only genomic DNA, but also 
RNA, plasmid, and mitochondrial DNA. The first magnetic particle used during 
extraction was made out of and iron-oxide core covered in coating of carboxylic 
groups. Since then, advancements in technology have occurred and now magnetic 
beads use various coatings, depending on the target molecule. Such coatings 
include but are not limited to antibodies, antigens, oligonucleotides, aptamers and 
functional groups such as sulfate groups, amino groups, and hydroxyl groups (38). 
Binding of nucleic acids to the magnetic beads has been described as “wrapping 
around” the support coatings. Coated magnetic beads range in size from 
approximately 0.05μm to 10μm in diameter (39) or 20mm to 30mm in diameter 
(37), depending on the manufacturer. The coating is what gives the magnetic bead 
the ability to isolate nucleic acids from the sample, not the magnetic bead itself. 
Most of these coatings are designed for specific purposes. For analysis of PCR 
products from forensic samples, the one of the most common manufacturers, 
Qiagen, uses magnetic beads coated with  silica to bind DNA present in the sample 
(40). 
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 Many manufacturers of magnetic beads allow the researcher to customize 
the beads to target the molecule of interest or purchased with the beads already 
conjugated to antibodies or proteins. For example the Dynabeads (ThermoFisher, 
Waltham, Massachusetts, US) manual, states that the beads are beneficial for cell 
isolation, T-cell activation and expression, phage display, exosome and organelle 
isolation, immunoprecipitation, nucleic acid isolation biotinylated target isolation, 
and custom applications. These magnetic beads are coated with Streptavidin, a 
protein, which covalently binds antibodies or oligonucleotides to the bead. The 
isolation of nucleic acids by Dynabeads contains a coating of oligonucleotides 
allows for sequence specific purification from samples of blood, tissue, viruses and 
pathogens, formalin-fixed paraffin-embedded tissue, feces, plant cells, and whole 
blood and biological fluids (36). Not all magnetic beads that are coated with 
oligonucleotides are sequence specific. Some are indiscriminate (37). Sequence 
specific binding is not useful in forensic analysis on the capillary electrophoresis, 
but is useful when performing next-generation sequencing the DNA. Other 
magnetic bead surface coating and their applications can be found in a table 
provided by Cytiva (37), as well as a list of commercially available magnetic 
particles used for DNA and RNA purification is provided by Berensmeir (39).  
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 Wang and McCord investigated the ability of magnetic beads to bind to 
specific short tandem repeat (STR) alleles obtained from samples of human blood 
and saliva. These alleles were selectively hybridized to allele-specific biotinylated 
probes bound to streptavidin-coated magnetic beads. The goal of the study was to 
recover alleles lost during pervious DNA analysis steps due the sample being 
degraded or inhibited while also improving the peak balance. These researchers 
stated that although commonly magnetic beads are used for non-specific 
purification, utilizing allele specific probes on the magnetic beads allows “specific 
sequences of DNA to be enriched, which permits a better balance between large 
and small alleles”. The three known PCR inhibitors analyzed were 4mM of 
calcium, 0.08mM of hematin, and 0.08mg/mL and 0.24 mg/mL of humic acids. 
Prior to the addition of magnetic beads, samples containing these inhibitors 
resulted in no STR signal production, indicating complete inhibition had occurred. 
The hybridization probes on the magnetic beads correlated to the D3S1358 locus, 
the D13S317 locus, the D16S539 locus and the FGA locus. After purification by the 
magnetic beads, the samples containing the template DNA and calcium, produced 
intensity results similar to uninhibited control STR results. The magnetic beads 
were successful at isolating the template DNA, while calcium was removed. The 
same probes were used for samples containing hematin and samples containing 
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humic acids. The hematin inhibited samples resulted in peaks produced in the 
electropharogram, after purification with the magnetic beads. Compared to the 
control samples, there was a decrease in the heights of the peaks, especially with 
larger loci. When samples containing the two concentrations of humic acids were 
examined, the higher concentration resulted in even smaller peak heights than the 
other concentration, which was lower than the uninhibited control samples. Wang 
and McCord concluded that hematin and humic acids both interfere with the 
hybridization process or could not be removed effectively from the template DNA. 
The quantity of magnetic beads also plays an important role in the effectiveness of 
PCR inhibitor removal. An increase from 100µg of beads to 300µg of beads, 
increased peak heights from 3000 relative fluorescence units (rfu) to above 8000 
rfu at the D16S539 locus (41).  
 Advantages to using magnetic beads include, purification of PCR 
amplicons without the use of centrifugation, the process is emendable to 
automation, and requires only a small amount of equipment (38). DNA fragments 
ranging from 100 base pairs to 3000 base pairs can be recovered, and purification 
with magnetic beads can generally be accomplished under 30 minutes. A 
reduction in hydrodynamic shearing has also been observed (35). Berensmeier 
reported that magnetic beads have the ability to isolate free nucleic acids directly 
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from blood, tissue homogenates, cultivation media, water and other substances 
without cell lysis, regardless of sample volume, and can recover molecules as small 
as 0.05µm to 1µm in diameter (39). It is important to ensure that all magnetic beads 
have been removed prior to any reamplification step, as the beads can interfere 
with the PCR amplification reaction (38).  
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Figure 6. Left: Removal of Contaminants using Magnetic Beads workflow. Right: Removal of 
Contaminants using Spin Columns workflow.  
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3.3. Removal of Contaminants Using Spin Columns 
3.3.1. Silica Gel Membrane Spin Columns 
 One type of membrane commonly used in PCR purification and 
concentration is a silica gel membrane. Utilizing this type of membrane under 
concentrated chaotrophic salt conditions, a silica gel membrane spin column 
allows the DNA to bind to the silica through Hydrogen bonding (39) based on the 
affinity of the negatively charged DNA backbone towards the positively charged 
silica particles (42). Chaotrophic ions, cover the silica membrane, creating a 
hydrophobic environment (2).  Research has shown that Guanidinium 
Thiocyanate at a concentration of 4M - 6M works best due to its ability to denature 
proteins and inactivate nucleases. In addition, sodium acetate and Tris-HCl buffer, 
are used to keep the solution at a pH between 6 and 7.5. Under these conditions 
the DNA is tightly bound to the membrane enabling all contaminants to be washed 
away, passing through the membrane, while the nucleic acids remain on the 
surface of the membrane (43).  Purified DNA is then eluted off of the membrane 
using a low-salt buffer or water (Figure 6 Right) (44). Advantages to using the silica 
gel membranes include the potential for automation (2) and decrease the shearing 
of DNA fragments that are larger than 3-10 kilobases (43).  
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 Qiagen MinElute® Spin Columns (Qiagen, Germantown, MD, USA) are 
commonly used within laboratories for DNA purification and concentration. 
When compared to non-purified PCR product from blood, purified product, using 
the Qiagen MinElute® Spin Columns resulted in an increased allelic intensity of 4 
to 6 fold. Analysis of purified PCR products using capillary electrophoresis 
resulted in no off ladder calls at the D3S1358 loci, compared to other purification 
methods tested, and no artifacts below the stochastic threshold. Partial profiles 
were obtained from as little as 5pg to 10pg of template DNA, and full profiles were 
obtained when using 78pg of template DNA. In approximately 7% of the purified 
samples forward stutter was observed, which was observed during reinjection, but 
not in duplicate samples. This observation can be attributed the use of 
concentrated, purified product. Comparing non-PCR purified samples to samples 
that have been purified using the Qiagen MinElute® Spin Columns, a noticeable 
decrease in peak height ratio, from an average of 88% to an average range of 52%-
77%, The decreased peak height ratio could be attributed to the difference in 
concentrations tested. The unpurified samples had a volume of 1ng of blood, while 
the purified samples had volumes of 5pg, 10pg, 20pg, 39pg, and 78pgs of DNA 
obtained from blood (45).  
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 Another silica gel membrane spin column used within laboratories are the 
NucleoSpin® Columns (Takara Bio USA, Inc., Mountain View, CA, USA). This kit 
comes with a binding buffer, a wash buffer, an elution buffer, in addition to the 
NucleoSpin® Columns and 2mL collection tubes. The binding buffer is only used 
when the DNA sample is from an agarose gel cut out. DNA binds to the silica gel 
membrane in the presence of chaotrophic salts. Contaminants are removed using 
an ethanol based wash buffer multiple times. With the purified DNA remaining 
on the membrane, it is finally eluted with an alkaline elution buffer with a pH of 
8.5. The elution buffer is comprised of 5mM Tris/HCl which is a low salt condition. 
The manufacturer claims that the NucleoSpin® Columns are able to purify PCR 
products as small as 50 base pairs (46). Research by Solomon et al (47) noted 
however that 0/10 concentrated samples obtained from fingerprints produced 
detectable allele peaks. It was hypothesized that this was due to the last step in the 
manufacture’s protocol which states that an incubation step is needed at 90˚C, 
causing the DNA to be denatured.  
 The use of silica gel membranes has a few drawbacks as well. DNA 
fragments shorter than 500 base pairs may bind tightly and irreversibly to silica 
membranes, resulting in a recovery of 50% to 75% of the starting template DNA 
recovered. Silica membranes are unable to purify nucleic acids in the presence of 
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phenolic compounds and humic substances, due to the overall net negative 
charge, mimicking the chemical structure of DNA and their ability to oxidize and 
form covalent bonds with the nucleic acids Both types of substances bind to silica 
in high salt solutions, thus they need to be removed before the use of silica 
membranes (43).  The decrease in DNA template recovered may also be affected 
by non-specific binding to the polypropylene collection tubes of the extraction 
columns (48).  
 
3.3.2. Cellulose Membrane Spin Columns   
 Nucleic acids bind to the cellulose membrane in high salt conditions and in 
the presence of alcohols. These conditions however may be adjusted to 
preferentially bind certain size nucleic acids of interest. Template DNA can be 
eluted off of the membrane using nuclease-free water, buffered solutions, or TE. 
Using a cellulose membrane spin columns is advantageous due to cellulose having 
a high binding capacity, requiring less material, allowing for a smaller volume of 
sample to be used (49). 
 A well-known brand of cellulose membrane spin columns is the Microcon® 
Filters (Millipore Sigma, Burlington, MA, USA). Average peak height recovery 
after the use of Microcon® filters is as high as 1150 RFU, with an average peak 
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height ratio of 0.85, from DNA obtained from fingerprints (47). It was also found 
that there was an increase in allelic intensity when compared to non-post-PCR-
purified product from blood samples (45).  Microcon® filters are constructed with 
Ultracel® (Millipore Sigma, Burlington, MA, USA) regenerated cellulose that allow 
for the purification and concentrations for dilute solutions containing less than 
0.1mg/mL of the target molecule with a wide range of molecular weight cutoffs. 
Ultacel® membranes contain void-free cellulose layer, providing improved back 
pressure resistance, excellent retention, and ultra-low protein binding with low 
fouling (50). Membrane fouling is defined as the accumulation of substances on 
the membrane surface and/or within the membrane pores, which results in 
deterioration of membrane performance (51) Low fouling allows the surface of the 
salt rejection layer to be more hydrophilic with a reduced affinity for dissolved 
organics. The bond between the adsorbed organic layer and the membrane surface 
is relatively weak (52). This weak bond is what allows the dissolved DNA to be 
later eluted off of the membrane with SDS buffer (53).  However, in recent 
literature, the use of Microcon® filters has been attributed to off ladder calls, 
specifically at the D3S1358 locus, in 11/14 tested blood samples (45). 
 Amicon® Ultra filters (Millipore Sigma, Burlington, MA, USA) filters are 
also are constructed with Ultracel® regenerated cellulose with a range of molecular 
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cutoff filters of 3 kiloDaltons (kDa) up to 100kDa. (54).  Amicon® Ultra filters with 
a molecular weight cutoff of 30kDa, with varying starting concentrations of DNA 
from 0.2 ng/µL up to 2.0 ng/µL yielded 62%-70% recovery (55). Unique to Amicon® 
Ultra filters is the orientation of the membrane. In typical centrifugal filters the 
membrane is perpendicular to the direction of the filtration, whereas Amicon® 
Ultra filters have vertical membranes that are parallel to the direction of filtration. 
This allows for less clogging of the membrane, less waste created, and an overall 
faster filtration (54). Garvin and Fritsch concluded that regenerated cellulose 
filters, particularly the Amicon® Ultra filters, were best for concentrating and 
purifying human genomic DNA from samples, due to little waste remaining on 
the filter and a high yield of purified DNA. Another improvement was that less 
fouling was noted due to a larger filter area, when compared to two other 
centrifugal filters. When focusing on PCR products between 137-1159 base pairs 
in length the samples were able to be concentrated and purified with greater than 
90% recovery. Using the Amicon® Ultra filters, mock forensic samples with 
varying amounts of human blood, semen and saliva were analyzed to determine 
if there was a difference between the amount of DNA added pre-purification and 
the amount of DNA recovered post-purification. In all samples a decrease in 
recovery was observed. The sample of blood at a volume of 20nL resulted in the 
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smallest yield with 33% of the DNA recovered and the sample of semen at a 
volume of 8nL resulted in the largest yield of 66% of the DNA recovered (56). 
Doran and Foran reported that when pretreated with 10µg of yeast RNA, Amicon® 
Ultra filters resulted in great overall recovery of the starting DNA obtained from 
Human DNA. There was an average of 86% recovery for long amplicon, high 
molecular weight DNA, and 92% recovery for short amplicon, low molecular 
weight DNA using Amicon® Ultra filters with molecular weight cutoffs below 50k. 
Amicon® Ultra filters with a molecular weight cut off of 50k or 100k, also 
pretreated with 10 µg of yeast RNA, there was no DNA loss observed for either 
long amplicons or short amplicons. When the filter was not pretreated, an average 
loss of 62% of long amplicons and 78% of short amplicons was observed. In 
addition to the pretreated filter, centrifugal speeds were adjusted to be slower than 
manufacturer’s recommendations to also decrease DNA loss (57). 
 
3.3.3. Gel Filtration Spin Columns 
 Centri-SepTM Spin (Princeton Seperations, Adelphia, New Jersey, USA) 
columns have been recently developed for purification of nucleic acids. These spin 
columns start out as a dried gel that needs to be rehydrated prior to use. The gel is 
rehydrated with the addition of reagent grade water or buffer for about 30 
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minutes. Excess fluid is then drained by inverting the spin column into a wash 
tube, and then placing both into a centrifuge. The force of the centrifuge causes the 
gel to become angled. The sample is then placed into the center of the gel bed, 
ensuring no contact with the sides of the column. Contact with the sides will 
decrease the efficiency of purification. The spin column is then placed into a 
sample collection tube and placed back into the centrifuge. It is important to 
ensure that the highest point of the gel is pointing towards the outside of the rotor. 
The purified sample will diffuse through the gel, settling in the sample collection 
tube (58).  
 This process claims to recover DNA fragments that are larger than 16 base 
pairs while removing more than 98% of salts, nucleotide triphosphates, and other 
low molecular weight compounds (58). Solomon et al compared samples obtained 
from fingerprints that had been run through the Centri-SepTM Spin columns to 
samples that had been run through Microcon® filters. They found that Centri-
SepTM had an improved overall interlocus peak balance. In addition 9/10 samples 
produced peaks in the electropharogram at more than 8 loci, concluding that this 
method is sufficient for human identification applications and can be used for low 




 Throughout this review the inhibition mechanism was determined for a 
total of 13 different PCR inhibitors. Amplification inhibitors that affect various 
components of the PCR reaction including the Taq DNA polymerase, the template 
DNA, the primers and more, include fulvic acids, Immunoglobulin G, tannic acid, 
calcium, melanin, bile salts and urea. Detection inhibitors impact the functionality 
of the florescent dye. However, there are some PCR inhibitors that exhibit both 
amplification inhibition and detection inhibition. These inhibitors include humic 
substances, humic acids, hematin, hemoglobin and collagen.  
 Reduction and Mitigation techniques were analyzed for each of the PCR 
inhibitors listed above (Table 1). The literature reviewed left many questions about 
the ability of the techniques to actually aid in PCR product purification. Of the six 
different Spin Columns discussed, literature focused on what inhibitors could not 
be removed, instead of what could be removed. Amicon® Ultra filters gave the 
most information, identifying the successful mitigation of the components of 
blood that can inhibit the PCR reaction. Literature on Magnetic Beads stated it was 
a successful purification method in the presence of three of the 13 inhibitors 
analyzed and unsuccessful in removing two of the inhibitors. Literature on the 
four additives analyzed, the literature included more information about what has 
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been and hasn’t been mitigated during purification. Six of the 13 inhibitors have 
successfully been removed and three inhibitors were unsuccessfully removed 
using BSA. Four of the 13 inhibitors have successfully been removed using Betaine. 
Six of the 13 inhibitors have successfully been removed using gp32. Two of the 13 
inhibitors have successfully been removed using NaOH. Each removal/mitigation 
technique comes with advantages and disadvantages. When examining a sample, 
researchers should be cognizant of all possible inhibitors in the sample prior to 
amplification and if inhibition is observed, the appropriate reduction or mitigation 
method should be employed to ensure successful purification and reamplifcation, 
while ensuring minimal sample DNA being lost.  
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